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Abstract—This paper deals with the conception and the 
achievement of a hybrid power source using a fuel cell combined 
with a battery or a supercapacitor. In which, the fuel cell supplies 
the main power to the drive system; while the battery or the su-
percapacitor is used as an auxiliary power source. This gives the 
benefit that the regenerative energy is stored in battery or super-
capacitor during the deceleration and it is transferred back to the 
drive system during the acceleration when compared to electric 
vehicles solely powered by a fuel cell. Different energy storage 
devices, such as fuel cell, battery, and supercapacitor are com-
pared, and then several structures of fuel cell-based electric vehi-
cles are analyzed in the paper. Following that a conventional 
topology based on fuel cell and battery using a DC/DC converter 
with the connection between the fuel cell and the inverter, and a 
floating voltage topology powered by fuel cell and supercapacitor 
without any DC/DC converters are chosen for the simulation 
analysis. Simulation results show that power variations of the 
fuel cell in floating voltage topology can be smoother, and its rat-
ed power is downsized, which can extend the fuel cell lifetime and 
take full advantages of the fuel cell and the supercapacitor.   
Keywords—hybrid power source; fuel cell; battery; 
supercapacitor; conventional topology; floating voltage topology 
I.  INTRODUCTION  
With the continuous improvement of human environmental 
awareness on sustainable development, the same advancement 
occurs in vehicle industry with the time going on. In recent 
decades, the research and development activities related to 
transportation have emphasized the development of efﬁcient, 
clean, and safe transportation [1]. Manufacturers continuously 
develop the latest energy-saving environmentally friendly ve-
hicles, making the internal combustion engine (ICE) vehicles 
gradually replaced by electric vehicles (EVs). EVs gradually 
start replacing conventional vehicles in the USA, Europe, Asia 
and other countries, contributing to a massive market share 
demand in transportation areas. 
There are three main types of EVs classified by the electri-
fication degree [2], including hybrid electric vehicles (HEVs), 
plug-in hybrid electric vehicles (PHEVs) and battery electric 
vehicles (BEVs). Since HEVs and PHEVs are powered by both 
petrol and electricity, the exhaust contains much greenhouse 
gases (GHG) and other harmful gases; while BEVs can de-
crease GHG emissions to a certain extent, but not really zero 
emissions [3]. Thus, renewable energy power transportation 
allows fuel cell electric vehicles (FCEVs) might be becoming a 
preferable approach due to the high energy efficiency and ex-
tremely low emissions of the fuel cell (FC), thereby attracting 
growing attention for the future fossil fuel free traffic sector. 
FCEVs are such a great way to meet low-carbon society, as 
well as economic growth. The most straightforward structure is 
that only the FC is used as the power source to drive the vehi-
cle, while the vast volume and weight are needed to meet the 
power requirement during a whole driving cycle due to the low 
power density of the FC. Besides, the FC has experienced a 
harsh condition including all the transient load variations and 
no-load idle state, which will result in the severe degradation 
and decreased lifetime of the FC [4]. The critical problem is that 
the energy flow in this topology is unidirectional, no device in 
the system can absorb the regenerative energy during the de-
celeration and braking process, resulting in the energy losses.  
To tackle these issues, an energy storage system (ESS) is 
needed to handle the peak power and save the regenerative 
energy. Thus, several energy storage technologies, such as lith-
ium-ion battery [5], supercapacitor [6], flywheel [7], and super-
conducting magnetic energy storage [8] have been developed 
for EVs. Among these, the lithium-ion battery has the highest 
energy density with about 70 ~ 200Wh/kg and lowest capital 
cost per unit energy, but the power density with 150 ~ 
500W/kg is lower than others. By contrast, the supercapacitor 
is considered to have the highest power density with 
1000~10000W/kg and lowest capital cost per unit power [9]. 
Due to these reasons, lithium-ion battery and supercapacitor are 
more widely used in EVs, which can entirely make use of char-
acteristics of the high energy density and high power density of 
each device, respectively, and thus motive the hybridization of 
the FC with battery or supercapacitor. 
This paper gives a comparative study on EVs of an FC 
fused with a battery or a supercapacitor, and in which, the FC 
is applied as a main energy source while the battery or the su-
percapacitor is used as an auxiliary power source. The organi-
zation of remaining parts as follows. In section II, a detailed 
comparison between FC, battery and supercapacitor are ana-
lyzed, advantages and limitations are also presented. Structures 
of fuel-cell-based EVs are compared in part III, and two topol-
ogies of hybrid power sources are also analyzed, followed by 
the energy management system. Based on these two topologies, 
simulation results and analysis are presented in section IV, and 
finally, conclusions are drawn in the last section.  
II. ENERGY STORAGE TECHNOLOGIES 
Energy storage device is one of the critical components in 
This work was supported in part by Swedish Electromobility Center. The 
project period is Jan 2017 - Dec 2019. 
978-1-5386-4941-1/18/$31.00 ©2018 European Union
2018
International Symposium on Power Electronics,
Electrical Drives, Automation and Motion
390
EVs, and Fig. 1 compares the current energy storage technolo-
gies regarding specific energy and specific power [10]. FC has 
the highest energy density but lowest power density, thus the 
hybridization of the FC with a battery or a supercapacitor is 
needed to fully use the energy density and power density of 
each device. Battery has the higher energy density compared to 
the supercapacitor, but lower power density. However, the 
charging time of the battery is quite slow with several hours 
due to the limitation of the charging current; by contrast, the 
supercapacitor can get wholly charged during several seconds, 
since the supercapacitor can withstand large charging current in 
a very short interval. 
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Fig. 1 Energy storage technologies 
Fig. 2 shows some key parameters of lithium-ion battery and 
supercapacitor, and values for each parameter are normalized 
to the maximum [11]. In which, the energy per dollar and the 
power per dollar are used, this indicates that a higher number it 
has, the more cost-efficient and attractive it will be.  
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Fig. 2 Comparison between lithium-ion battery and supercapacitor 
Due to different chemical reactions, the lithium-ion battery 
can get higher energy density than the supercapacitor, which is 
one of the key reasons to make lithium-ion battery has been 
proposed to be hybridized with the FC in the field of EVs. 
However, the supercapacitor shows clear merits of power den-
sity and charge/discharge cycle. The small internal resistance 
makes supercapacitor have the capability to deliver sizeable 
transient power in a very short time interval, and it is desirable 
for power shaving since it is almost not constrained by the 
charge/discharge cycle. Also, for the supercapacitor, a higher 
maximum depth of discharge and a longer service lifetime are 
obtained, leading to high performance of the system. While 
supercapacitor also has undesirable physical characteristics of 
high self-discharging rate and high power cost. A more extend-
ed time of supercapacitor is left after fully charged, the more 
energy it loses. Concerning the cost of a supercapacitor, it will 
probably experience a dramatic decline in the future, which 
would not be a problem for supercapacitor used in the com-
mercially produced EVs. 
Therefore, FC, lithium-ion battery and supercapacitor have 
their advantages and limitations, and hybridization between 
them is a great way to make full use of each technology. 
III. HYBRIDIZATION OF FUEL CELL DRIVETRAIN 
A. Topology Comparisons 
Fuel-cell-based EVs, combined with battery or supercapaci-
tor, have several topologies, and in which FC is used as the 
main power source, have been studied by many researchers can 
be classified into six topologies, shown as Fig. 3. The FC and 
battery or supercapacitor can be directly coupled to the DC bus 
of the DC/AC inverter which is called passive topology, or via 
one, two or three DC/DC converters connected to the drive 
inverter.  
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Fig. 3  Topologies of fuel-cell-based EVs 
In the first topology (T1), FC is connected to the DC/AC 
inverter through a DC/DC converter, and a battery is connected 
in parallel. Such a topology is analyzed in [12], and the fuzzy 
controller is applied for energy management. [13] gives an 
analytical solution for energy management. For the second 
topology (T2), the DC bus is variable due to no DC/DC con-
verter involved, leading to a floating DC voltage, this topology 
is the simplest one, but the references are rare [14-15]. [15] pro-
poses this floating voltage topology, the FC and battery are 
used for direct hybridization. In [16], the electric load is used to 
observe the power split between these two devices, in which, 
the bus voltage and the current are regulated automatically 
based on impedances of FC and battery. It also proposes a 
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method to control the power split that is to adjust the internal 
impedance of FC by controlling its operation curve, while the 
range of the adjustment is limited. [14] gives an analysis of an 
FC and a supercapacitor as the power supply, and proposes a 
control strategy based on power decoupling strategy. However, 
the studies on hybridization between FC and supercapacitor are 
incomprehensive without taking the drive inverter and the elec-
tric machine into account.   
The third topology (T3) shows that a supercapacitor is con-
nected to DC/AC inverter with a DC/DC converter, while the 
FC is connected to the inverter directly. A cascaded control 
loop with a decoupling strategy in the frequency domain is 
explained [14], and with the experimental validation. The fol-
lowing topology (T4) is commonly preferred by researchers 
since it has more flexibility to control the power flow between 
FC and battery. Several energy management strategies are pro-
posed based on this topology. A nonlinear flatness-based con-
trol is developed in [17], and a rule-based power management 
strategy is applied in [18].  
In topology T5 and T6, both of power supplies comprise of 
FC, battery and supercapacitor, and the only difference is the 
supercapacitor connection, [19] used a fuzzy logic control to 
decide the power distributions between these devices. Regard-
ing topology T6, a wavelet-fuzzy logic based energy manage-
ment strategy is presented in [20]. This topology enables the 
battery and supercapacitor handle the power flow more effi-
ciently compared to T3, T4 and T5. However, it is too compli-
cated in the structure and control strategies since three DC/DC 
converters are involved.  
Topologies T1, T3, T4, T5 and T6, considered to be the active 
topology, can achieve the power distributions by adjusting the 
current and the voltage using DC/DC converters. These topol-
ogies, commonly used in EVs with a wide range of energy 
management strategies, have been studied, simulated, experi-
mented and analyzed. Several energy management strategies 
are proposed in dealing with the power distribution [21]. These 
control algorithms proposed above deal with the power supply 
required to the load [22, 23]. Therefore, the FC is used as the 
main power source of the traction drive, and charges the battery 
or supercapacitor if needed, while a battery or a supercapacitor 
provides the transient power and recovers the regenerative en-
ergy. 
B. The Topology of the Hybrid Power Sources 
Two topologies are compared as Fig. 4, Fig. 5. Fig. 4 shows a 
conventional topology, a primary electrical configuration with 
a DC/DC converter, which is widely used by many vehicles 
manufacturers. The output voltage and current of FC are regu-
lated by the DC/DC converter to maintain a relatively constant 
voltage at the input of the motor drive. The battery is designed 
to provide instantaneous power to improve the system perfor-
mance and recover the braking energy to enhance the energy 
performance and efficiency. In this way, the battery is consid-
ered to be the peak power system, which is directly connected 
in parallel with FC system and connected to the DC bus of the 
inverter.  
However, a DC/DC converter adds a significant cost to the 
vehicle system, and the two-stage FC power conditioning sys-
tem encounters drawbacks such as being bulky, costly and rela-
tively inefficient due to its cascaded power conversion stages. 
To tackle these issues, Fig. 5 shows the floating voltage topolo-
gy without a DC/DC converter, expected to save the cost and 
improve the efficiency due to the compactness of the structure. 
This topology gives the benefit to deliver large transient power 
without generating a significant amount of heat or voltage drop 
due to small internal resistance of supercapacitor and the charg-
ing current can be much higher than the battery. Thus, the su-
percapacitor can supply large power in a very short time, and 
meet the peak power requirement. 
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Fig. 4 Conventional topology 
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Fig. 5 Floating voltage topology 
C. Energy Management of the Hybrid Power Sources 
FC is one of the electrochemical energy devices, in which, 
hydrogen and oxygen are reacted to generate electricity to sup-
ply power to the load, with the by-product of water. Thus, the 
flow rate of the hydrogen and the oxygen are adjusted accord-
ing to the required output current of the FC, while the FC out-
put current is determined by the power distribution of the ener-
gy management.   
1) Conventional Topology 
An energy management system is required to decide the 
power split in the topology of FC and battery. Fig. 6 shows the 
energy management strategy in the conventional topology.  
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Fig. 6 Energy management strategy 
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In Fig. 6, the outer loop is the controller of the battery state-
of-charge (SOC), which is applied to decide the reference sig-
nal of charging current iBatREF, and the middle part is the battery 
current controller and links to the reference signal of the FC 
current iFCREF. It is necessary to charge the battery for the FC 
with the constant current when SOC is lower SOCREF, while 
the battery is discharged when SOC is higher SOCREF. Then, 
the power supplied by the battery is limited by the charging 
current and discharging current. 
2) Floating Voltage Topology 
To manage energy variation in floating voltage topology, 
the power distribution depends on the impedance of the FC and 
the supercapacitor, which is illustrated in Fig. 7.  
vF (t) vFC (t)
Fuel cell Supercapacitor Load
iL (t)vL (t)
rFC
rC
iC (t)
vC (t)
iFC (t)
C
 
Fig. 7 The equivalent circuit of floating voltage topology 
Here, the supercapacitor is represented as its nominal ca-
pacitance C and the internal resistance rC, and the FC is repre-
sented by a voltage source and its internal resistance. The spec-
tra of the current flowing from the FC is given by 
 
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HC(jω) is a low-pass filter with a unity DC gain and  
( ) 0CC
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r r
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
, when rC <<rFC. Hence, the FC sup-
plies the average power of the load, while the supercapacitor 
provides virtually all the high-frequency peak power. 
IV. SIMULATION 
To validate the effectiveness of proposed topologies, hybrid 
powertrain system is built up in Matlab/Simulink 2017ra, and 
tests on acceleration and drive cycle are implemented to com-
pare the operation performance of two systems. Table Ⅰ shows 
the dynamic constant of EVs used in the simulation.   
The fuel cell power in conventional topology is 100kW, 
and that in floating voltage topology is 48kW, the battery 
capacity is 4kWh, and the supercapacitor capacity is 0.37kWh. 
The peak power of the electric machine is 100kW, and the 
maximum torque and the output power of the electric machine 
are defined by the operation curve shown in Fig. 8. 
TABLE I.  PARAMETERS USED IN THE SIMULATION  
Constant [Unit] Values 
Air density, ρa [kg/m3] 1.18 
Drag coefficient, Cd [-] 0.26 
Cross-section area, Af [m2] 2.711 
Wind speed, vwind [m/s] 0 
Vehicle mass, m [kg] 1625 
Slope [%] 0 
Wheel Radius [m] 0.25 
Rolling resistance coefficient Cr [-] 0.0098 
Gear ratio [-] 7.2 
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Fig. 8 Operation curve 
A. Acceleration Test 
When a constant accelerator is tested, Fig. 9 shows the simu-
lation results during the vehicle acceleration.  
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Fig. 9 Acceleration simulation 
In two systems, the vehicle can speed up to 100km/h in 9s, 
and there is no difference in this period. However, the maxi-
mum speed of the conventional topology is 165km/h since the 
power of the FC is 100kW, while that in the floating voltage 
topology is 156km/h due to the maximum power limited to 
48kW, half of that in the conventional system. It shows that the 
floating voltage topology can achieve the same performance to 
accelerate to 100km/h, but the ability to reach the maximum 
speed is a bit worse than the conventional topology due to the 
limitation of the FC rated power. However, this topology can 
be used in the applications that have no strict requirement for 
the maximum speed. 
B. Drive Cycle Test 
To assess the functionality and performance of powertrain 
systems under real-world driving conditions, several drive cy-
cles have been developed in different countries. In United 
States, FTP-75, SC03, UDDS, US06 and LA92 are used for 
testing of fuel consumption and polluting emissions. Europe 
uses NEDC for measuring fuel economy as well as other ve-
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hicular emissions, and NEDC cycle is the combination of ECE 
and EUDC cycles. Similar to Europe, Japan uses the JC08 cy-
cle for regulatory tests [24]. The worldwide harmonized light 
vehicles test cycle (WLTC) has been replacing the European 
NEDC for type approval testing of light-duty vehicles from the 
year of 2017 to 2019 [25]. In this paper, WLTC is selected to 
compare the performance of two topologies. 
1) Conventional topology 
Fig. 10 shows that the dynamic response of the conventional 
topology when WLTC drive cycle is applied.  
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(a) Vehicle speed and power distribution 
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(b) Voltage & current  
During the test, the battery can absorb the regenerative 
power when the vehicle decelerates, but it can only supply the 
limited power when the load variation due to the current limita-
tions during charging and discharging; while the FC supplies 
the main power when the vehicle is operating, but the power 
variation is still very large, with the quite wide magnitude vari-
ations. The SOC of the battery increases a lot at the end of the 
test, and the reason is that the SOC is lower than the reference 
SOC. 
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Fig. 10 Dynamic response of the conventional topology  
2) Floating voltage topology 
The simulation is shown in Fig. 11 when WLTC drive cy-
cle is applied to the floating voltage topology. It is clear to see 
that the power supplied by the FC is flatter than that in the con-
ventional topology, making the FC get rid of the large transient 
power rate during the operation. In this way, it can slow down 
the degradation of the FC and extend its lifespan. In contrast, 
the supercapacitor can supply more power to the load due to 
the smaller impedance, which can downsize the rated power of 
the FC, and also the supercapacitor can absorb more regenera-
tive power than battery during the deceleration, which can save 
more energy. On the other hand, the FC and the supercapacitor 
share the same voltage due to that they are directly fused to the 
DC bus of the inverter. The SOC of the supercapacitor gives no 
distinct change at the end of the test when compared to the 
beginning of the drive cycle since the supercapacitor removes 
the power peaks from the load cycle. 
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(a) Vehicle speed and power distribution 
We can see that the rated power of the FC is downsized in 
the floating voltage topology, which does not have too much 
influence on the acceleration time of the vehicle from 0 to 
100km/h. In contrast, the better performance of the FC based 
on WLTC test is obtained due to the excellent dynamic per-
formance of the supercapacitor, which can slow down the deg-
radation of the FC, and the FC durability can be improved.   
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Fig. 11 Dynamic response of the floating topology 
V. CONCLUSION 
In this paper, three energy storage technologies are com-
pared, FC has the highest energy density, and zero GHG emis-
sions, which leads to FC becomes more attractive in EVs ap-
plications. While the low power density makes the hybridiza-
tion of FC with a battery or a supercapacitor, which gives ad-
vantages of downsized rated power of FC, saved energy of the 
system and relieved stresses of the energy storage devices. 
Thus, topologies of fuel-cell-based EVs are analyzed; a con-
ventional topology based on FC and battery and a floating volt-
age topology based on FC and supercapacitor are simulated. 
The simulation results show that the hybridization of FC and 
supercapacitor has the better performance due to the more ef-
fective assistance of the supercapacitor for FC, since the high 
charge current and discharge current can be obtained in the 
supercapacitor. Moreover, the supercapacitor can remove the 
peaks from the required drive power, which makes the power 
supplied by FC flatter, leading to a longer lifetime of the FC. 
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